Acute pyelonephritis is a potentially life-threatening infection of the upper urinary tract. Inflammatory response and the accompanying oxidative stress can contribute to kidney tissue damage, resulting in infection-induced intoxication that can become fatal in the absence of antibiotic therapy. Here, we show that pyelonephritis was associated with oxidative stress and renal cell death. Oxidative stress observed in pyelonephritic kidney was accompanied by a reduced level of mitochondrial B-cell lymphoma 2 (Bcl-2). Importantly, renal cell death and animal mortality were both alleviated by mitochondria-targeted antioxidant 10(6′-plastoquinonyl) decylrhodamine 19 (SkQR1). These findings suggest that pyelonephritis can be treated by reducing mitochondrial reactive oxygen species and thus by protecting mitochondrial integrity and lowering kidney damage.
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inflammation | phenoptosis | urological diseases | innate immunity | toll-like receptors N ormally, the kidney and urinary tract are germ-free. However, during their lifetimes, about 40% of women and 12% of men experience urinary tract infections (UTIs) (1) . Acute pyelonephritis (APN) is a potentially life-threatening complication of UTI that occurs when infection progresses to the upper urinary tract. The uropathogen most frequently associated with this disease is the pyelonephritogenic subset of Escherichia coli, which is responsible for up to 85% of both complicated and uncomplicated UTIs (2) . This disease is frequently accompanied by bacterial invasion and stimulation of acute inflammatory response (3, 4) . Toxin-induced epithelial damage and bladder hemorrhage contribute further to the pathogenicity of uropathogens in the kidney, with progression leading to renal damage including renal scarring and in extreme cases septicemia (5, 6) . Ultimately, renal scarring is a cause of substantial morbidity (7, 8) .
Leukocyte infiltration in response to bacterial invasion is an important contributor to renal tissue damage (9, 10) . Production and extracellular release of reactive oxygen species (ROS) by infiltrating leukocytes can lead to kidney injury and dysfunction (11, 12) . Consequently, oxidative stress in renal cells may be a critical factor in the pathogenesis of pyelonephritis whereas pharmacological management of the oxidative stress response may provide a therapeutic effect in preventing renal pathologies (13) (14) (15) (16) (17) (18) . However, the issue is complicated by the diversity of ROS-generating mechanisms and their differential contribution to host defense from infection and collateral tissue damage. Mitochondria and NADPH oxidases (19) are the two principle sources of ROS although their relative contribution to inflammatory pathologies is not well-defined. A new class of antioxidants that specifically target mitochondrial ROS (hereafter referred to as SkQ1 and SkQR1) have been recently developed and shown to have a beneficial effect in a number of cell pathologies (20) (21) (22) (23) (24) (25) (26) (27) (28) .
In this study, we explored mechanisms of APN progression considering various aspects of interaction of renal cells with leukocytes and bacterial pathogens. The goal was to gain insight into the role and mechanisms of induction of oxidative stress in eukaryotic components of the system and find an approach of directed correction of the pathological oxidative changes in renal tissue. We analyzed the relevance of the strategy of protecting the kidney based on the activation of prosurvival and blockage of prodeath signaling pathways involving mitochondria. We evaluated chimeric compounds carrying an antioxidant moiety as potential agents to efficiently alleviate the deleterious consequences of APN. To facilitate the future design of directed pharmacologic interventions to normalize renal function subsequent to APN, we explored the role of mitochondria and oxidative stress in this pathology using positively charged membrane-permeable, mitochondrial-targeted compounds (29) . We demonstrated that specific targeting of mitochondrial ROS by antioxidant resulted in a significant protective effect in animal models of APN. These results illustrate the role of mitochondrial ROS in renal tissue damage in the context of acute infection and suggest a therapeutic potential of mitochondrial antioxidants.
Results
Effect of Mitochondria-Targeted Antioxidant (SkQR1) on an APNInduced Oxidative Stress In the Tissue. A number of signs of inflammation and oxidative kidney tissue damage were observed in animals suffering from APN (Fig. 1) . The kidneys of pyelonephritic rats showed a great number of abscesses, which were significantly less prevalent in rats treated with SkQR1 (Fig. 1A ). An extensive leukocyte infiltration of the kidney took place ( Fig.1 B and C) . Interstitial infiltrates sometimes were local but often covered a significant part of the kidney parenchyma and originated almost exclusively from infiltrating polymorphonuclear leukocytes (neutrophils). In some loci, infiltrates embraced blood vessels. Severe
Significance
The main approach to treat acute pyelonephritis is antibiotic therapy. However, the pathology is accompanied by inflammation and oxidative stress phenomena that can also be a target for intervention when direct antibacterial measures are impossible or inefficient. In our study, in vitro and in vivo models of experimental pyelonephritis were used to define the role of mitochondria in this pathology and to find a way to alleviate the kidney damage. The majority of the deleterious effects of pyelonephritis, including animal mortality in extreme cases, were prevented by the treatment with the mitochondria-targeted antioxidant, pointing to mitochondria as a therapeutic target.
and characteristic changes were revealed in kidney tubules as well: they were swollen and their cells were degenerated and often peeled off to the tubular lumen. Often the tubules were filled with a pusnecrotic and bacterial content. Pathological changes were mostly observed in the medullar part of the kidney (Fig. 1 B-D) . The glomeruli and cortical tubules in the majority of cases were relatively intact. Importantly, treatment with SkQR1 inhibited both leukocyte infiltration in all kidney layers and the spreading of the inflammatory process ( Fig. 1 B-D) .
The concentration of peroxidative products such as malondialdehyde (MDA), an index of oxidative stress in the whole kidney tissue, was elevated after induction of APN (Fig. 1E ) demonstrating remarkable oxidative tissue damage. MDA concentration was significantly lower in animals receiving SkQR1, demonstrating the protection of the kidney tissue from oxidative stress afforded by this mitochondria-targeted antioxidant.
Tissue activity of myeloperoxidase (MPO), an index of neutrophil infiltration, was severely elevated in pyelonephritic kidneys. Again, such an effect was significantly inhibited in rats treated with SkQR1 (Fig. 1F ).
Oxidative and Nitrosative Stress and Renal Cells Death. Next, we explored mitochondria-mediated oxidative stress in the cellular model of pyelonephritis, in which renal tubular cells (RTCs) are cocultured with bacterial lysate-activated leukocytes. Using this model, we observed a significantly greater ROS production as measured by fluorescent signal from DCF (2′-7′-dichlorofluorescein), compared with controls ( Fig. 2A ). Specifically, the ROS level was about five times higher than in the control (untreated) cells, which is in agreement with the assumption that initiation of oxidative stress in renal cells is mediated by activated leukocytes. Nonactivated leukocytes also caused the increase in ROS production in the RTC (Fig. S1A ), but it was almost half as much as in the case of activated leukocytes (Fig. S1B) ; this difference can be explained by possible activation of leukocytes during their preparation. Confocal microscopy confirmed that the higher ROS signal detected in activated leukocyte-renal cell coculture originated mainly from the renal cells ( Fig. 2A) .
We next compared the effects of LPS (30) and bacterial lysate to better judge the relevance of our model to previously published data. We found that application of LPS also caused leukocyte activation and greater ROS level in renal cells (Fig. 2B) . Specifically, 100 ng/mL LPS had the same effect as was observed with bacterial lysate. Although the model using LPS-induced toxicity appears to be simpler, we think that utilization of bacterial lysate is more appropriate in terms of imitation of in vivo conditions after initiation of pyelonephritis. Recently, it was also shown (31) that bacterial lysates are more efficient than bacteriaderived soluble products for the induction of an activating phenotype in human dendritic cells. Experiments with an inhibitor of NADPH oxidase, diphenyleneiodonium (DPI; 0.5 μM), demonstrated that this enzyme is responsible for the primary and/or the secondary ROS production in this system because DPI inhibited the ROS production by renal cells (Fig. 2B ). In addition, we evaluated ROS production in renal cells alone responding to LPS without leukocytes and observed negligible ROS production (Fig. 2B) .
To prevent oxidative stress in renal cells as well as to diminish cell death, we used three drugs with potent antioxidative capacity, namely Trolox, SkQ1, and SkQR1. Treatment with each of these resulted in dramatically lowered ROS levels in renal cells (Fig. 2B) . Pretreatment of renal cells with 10 nM SkQ1, 10 nM SkQR1, or 100 μM Trolox for 2 h resulted in suppression of ROS production after cocultivation with activated leukocytes to levels close to those observed on controls. Similarly, LiCl pretreatment also had an antioxidative effect (Fig. 2B) . Somewhat less protection was observed when antioxidants were added to RTC and carefully washed out (Fig. S1B) .
In addition to ROS, leukocytes activated by an antigen may produce a substantial amount of NO. After incubation of kidney cells with leukocytes and bacterial lysate for 24 h, the level of nitrate/nitrite (basic products of NO oxidation) in the medium was greater by more than fivefold than in controls (Fig. 2C) . were stained with hematoxylin/eosin. With induction of pyelonephritis, infiltration of the cortex and medulla with leukocytes was apparent (arrows); this infiltration was prevented by SkQR1 pretreatment. Inflammation index (Materials and Methods) in different kidney layers is presented (D). Inflammation in the kidney was accompanied by oxidative stress and neutrophil infiltration, as measured by MDA accumulation (E) and an increase in myeloperoxidase activity (F), respectively. (Scale bar, 50 μm.) *P < 0.01, **P < 0.05.
However, the effect of leukocyte activation on NO production in kidney cells, when measured by fluorescence of 4',5'-diaminofluorescein diacetate-2 (DAF-2FM), seems to be much less prominent (Fig. 2D) . Apparently, nitrosative stress shows a less profound response to leukocyte activation than oxidative stress. Nevertheless, preincubation with three different drugs revealed some suppression of nitrate/nitrite accumulation (Fig.  2C) . A nonspecific inhibitor of NO synthase, nitro-L-arginine methyl ester (LNAME; 5 mM) partially suppresses NO production in renal cells (Fig. 2D ) and nitrate/nitrite accumulation in medium (Fig. 2C ). The comparison of nitrite production in pure leukocytic culture ( Fig. S2 ) and in coculture (Fig. 2C) demonstrates the dominating role of leukocytes in NO release. Because NO production in leukocytes can be partially eliminated by antioxidants, we think that antioxidants could have an influence on both cocultivated cellular partners: on the one hand, protecting the renal cell from oxidative stress while, on the other hand, blocking activation of leukocytes. In our cellular model of pyelonephritis, we observed some renal cell death after 48 h of exposure to activated leukocytes (more than 10% of renal cells became Annexin V-positive). Preincubation with three different drugs was protective, with SkQR1 showing the highest efficiency (Fig. 2E) . Comparison of the protective effects of SkQR1 and Trolox on the level of oxidative stress (Fig. 2B ) and on cell death (Fig. 2E) demonstrates the quite distinct effects of these compounds. Specifically, the mitochondria-targeted antioxidant showed the highest potency in protection against renal cell death. Similarly, LiCl also protected renal cells from death, and its effect was more profound than that of Trolox. LNAME also demonstrated some protective effect ( Fig. 2E ), including prevention of oxidative stress-induced mitochondrial fragmentation in RTC ( Fig. S3 ), suggesting the negative impact of NO on renal cells.
Effect of TNFα on Oxidative Stress in the Kidney. As expected, bacterial lysate induces a robust TNFα production by leukocytes (Fig. S4A) . Interestingly, TNFα release in the medium was even higher after coculture of activated leukocytes with renal cells (Fig. S4A) , which points to the role of renal cell-leukocyte interaction in the induction of inflammation. Trolox, LiCl, and SkQR1 did not have a significant effect on the TNFα release in RTC-leukocyte coculture.
We tested whether released TNFα itself can affect renal cells by inducing oxidative stress. For this purpose, the medium, in which leukocytes were exposed to bacterial lysate, was centrifuged and added to renal cells. We found that TNFα-containing medium increased the ROS level in renal cells although to a lesser extent compared with that observed after cocultivation of renal cells and activated leukocytes (compare Fig. 2B and Fig.  S4B ). Consequently, we conclude that the direct interaction of renal cells and cocultivated leukocytes plays an important role in the induction of oxidative stress in renal cells.
To determine whether LPS targets kidney cells or leukocytes, we measured TNFα production in kidney cells after 24-h cultivation in the presence of LPS but without cocultivation with leukocytes. TNFα production is slightly increased during the incubation of RTC with LPS (Fig. S3C) . Thus, LPS itself causes only a slightly increased production of TNFα in kidney cells whereas the main contribution comes from leukocytes. Interestingly, when kidney cells and leukocytes were cocultured in the presence of zymosan (10 μg/mL), another inducer of the tollsignaling cascade, we observed similar elevation of TNFα production in the medium whereas the incubation of renal cells alone with zymosan gives an insignificant increase in TNFα production (Fig. S3C ). An inhibitor of leukocytic toll-signaling polymyxin B (10 μg/mL) inhibited the production of TNFα under cocultivation of renal cells with leukocytes and bacterial lysate (Fig. S3C) .
Oxidative Stress and Changes in Blood Leukocytes. In the in vivo model of APN, the number of leukocytes in the blood 3 d after infection was increased twofold compared with the control level (Fig. 3A) . Pretreatment with SkQR1 prevented an elevation in the level of leukocytes (Fig. 3A) .
Leukocytosis correlated with neutrophilia (neutrophil level was three times higher; Fig. 3B ). Monocyte count was also higher in pyelonephritic rats (Fig. 3C ) whereas lymphocyte content in Nitrite concentration as an indicator of total NO production is shown in C. Generation of NO in RTC as measured by DAF-2FM fluorescence is shown in D. Cell death of RTC and protective effects of some drugs are presented in E. *P < 0.01, **P < 0.05. the blood was similar in all three groups (Fig. 3D) . These effects were inhibited in rats treated with SkQR1, which abolished general leukocytosis and showed immune-modulating properties by reducing inflammation (Fig. 3 A-C) .
The oxidative stress-dependent deleterious trend found in kidney tissue under an APN in vivo model was further confirmed in blood leukocytes. In addition to a higher level of MDA products in the pyelonephritic kidney tissue (Fig. 1E) , we found that leukocytes isolated from rats with APN also had a higher level of ROS. Specifically, flow cytometry analysis demonstrated that the average intensity of DCF fluorescence in the leukocyte population from pyelonephritic rats was about twice as high as in control animals (Fig. 3F) . We conclude that, in sick animals, leukocytes are in a more activated state. In fact, the addition of leukocytic cells from pyelonephritic rats to renal cell cultures caused much more profound oxidative stress in renal cells than that observed under cocultivation with leukocytes from healthy animals (Fig. S1A) .
Because mitochondria-targeted antioxidants demonstrated high potency in preventing oxidative stress in the in vitro pyelonephritic model, we explored their effect under APN in rats. ROS production determined by DCF fluorescence measured in leukocytes from pyelonephritic rats receiving SkQR1 was lower than in untreated animals (Fig. 3F) .
Similarly, we found that pretreatment with SkQR1 reduced the kidney tissue concentration of TNFα, which plays an essential role in inflammatory response (32) . Specifically, although in our model of APN the level of TNFα was twice that of control rats, its level in the kidney tissue of SkQR1-treated pyelonephritic rats was significantly lower (Fig. 3E) . As expected, the activation of TNFα production in leukocytes was mediated by an NF-κB-dependent pathway because the level of IκB in these cells was lower in untreated pyelonephritic rats but not in SkQR1-treated rats (Fig. S5) .
Alterations of Antiapoptotic Bcl-2 in Pyelonephritic Renal Tissue.
Considering that our main goal was to limit oxidative stress and its consequences in pyelonephritic kidney tissue, which in general may be formulated as a development of a cell protective strategy, we evaluated the balance between apoptotic and antiapoptotic activities during pyelonephritis. We found that the level of antiapoptotic protein Bcl-2 in the tubular cells of the Fig. 3 . Elevated blood leukocyte counts are prevented by SkQR1 in pyelonephritic rats. Higher leukocyte (A), especially neutrophil (B) and monocyte (C), concentration in blood after induction of pyelonephritis with unchanged lymphocyte concentration (D). Production of proinflammatory TNFα (E) by leukocytes subsequent to pyelonephritis was elevated. Augmentation of neutrophils was accompanied by ROS burst in these cells (F). All of these inflammatory changes were prevented by SkQR1 treatment. *P < 0.01, **P < 0.05.
kidney is diminished in our in vivo model of APN. In the total homogenates of the kidney, we observed a significantly lower Bcl-2 level in pyelonephritic rats, which was restored in pyelonephritic animals receiving mitochondria-targeted antioxidant SkQR1 (Fig. 4A) . Also, the content of Bcl-2 in the mitochondria isolated from kidneys of pyelonephritic animals was 1.5 times lower than in control mitochondria (Fig. 4B) . In parallel with a weaker band for Bcl-2 at 26 kDa, we observed a proportionally stronger band at 15 kDa positively stained for Bcl-2, suggesting cleavage of Bcl-2 under conditions of pyelonephritis. These changes were diminished after treatment with SkQR1.
Thus, we conclude that pyelonephritis accompanied by oxidative stress causes a significant depression in levels of the antiapoptotic protein Bcl-2 in mitochondria. (Fig. S6A) . These monocytes appeared to be attached to either cell-free plastic or directly to the renal cell. The latter interaction, we suggest, reflects a conventional interaction of an epithelial kidney cell with a leukocyte. An earlier study using the same method showed interaction of leukocytes with damaged endothelial cells (33) . Apparently, in our pyelonephritic model, a similar interaction takes place. The fact that TNFα release is higher after cocultivation with renal cells than that observed in a pure culture of activated leukocytes (Fig. S4A) suggests the contribution of cell contact-dependent communication between leukocytes and renal cells. Moreover, we found that activated leukocytes died very quickly; however, the death rate was fivefold lower under conditions of coculture (Fig. S6B) .
Role of
Experiments with individual leukocytic and renal cells provided additional support for the idea that direct contact of these two kinds of cells is essential to modulate the proinflammatory response and cell death. In the next set of experiments, we separated cocultured cells with a 0.4-μm porous PET membrane (cell culture insert; SPL Lifesciences) that permits communication via exchanging diffusible compounds but prevents direct contact between the cells. We found that, in this system, TNFα release is reduced compared with spatially unrestricted coculture ( Table 1) .
Survival of Animals with Acute Pyelonephritis. In our in vivo model of APN, the mortality of rats was substantial, apparently due to development of sepsis (34) . Remarkably, treatment with SkQR1 during the first 2 d after infection resulted in significantly greater animal survival (Fig. 5) . These results indicate that mitochondrial ROS production plays a crucial role in APN-associated kidney damage and subsequent septic mortality. To analyze the bacterial burden in rats at day 3 of the experiment, urine samples and kidneys were taken from rats, and the number of bacteria in both specimens was measured. In rats treated with antioxidant, the number of cfu in the kidney did not change whereas, in the urine, it was slightly reduced (Fig. S7) , although SkQR1 didn't demonstrate a bactericidal effect in vitro (Fig. S7C) .
Discussion
Pyelonephritis is an infectious disease so the conventional strategy to cure it has been directed toward killing the bacteria causing this pathology. However, bacterial infection of both the lower and upper urinary tract is accompanied by inflammation and related oxidative stress phenomena, which can also be targeted to treat the disease by preventing or alleviating pathological consequences when direct antibacterial measures are impossible or inefficient.
The present study was designed to elucidate the role of mitochondrial ROS as a source of kidney cell damage in experimental APN using both a conventional in vivo model based on the inoculation of bacteria into the bladder and an in vitro model of inflammation based on the interaction of pathogen/endotoxinactivated leukocytes with cultured kidney epithelial cells.
In APN, we found an excessive ROS generation strongly depending on the activities of neutrophils, monocytes, and mesangial cells migrating to the primary inflammatory loci. This traffic results in elevation of the levels and activities of myeloperoxidase that persists after transformation to chronic type (35) .
After activation initiated by interaction with bacterial products, leukocytes secrete ROS, NO, and TNFα. The suppression of leukocytic NAD(P)H oxidation yields a dramatic decrease of ROS within renal cells, which may serve as an argument to support the idea that leukocytes are specifically responsible for excessive ROS production in the pyelonephritic kidney.
A number of agents involved in different signaling mechanisms were tested for their ability to alleviate oxidative stress in Fig. 4 . Alterations of antiapoptotic Bcl-2 in control and pyelonephritic rats. In total kidney homogenates, Bcl-2 content was lower after pyelonephritis and similar to controls in pyelonephritic rats treated with SkQR1 (A). In isolated renal mitochondria, a low-weight Bcl-2-positive band was present in pyelonephritic rats (B).
renal cells. We found that the antioxidant Trolox reduced oxidative stress-related phenomena, apparently by diminishing transfer of ROS from leukocytes to kidney cells. Protective effects of mitochondria-targeted antioxidants (SkQ1, SkQR1) and of an inhibitor of GSK-3β (Li + ) may be explained by the targeted depletion of mitochondrial ROS and the prevention of the mitochondrial permeability transition, respectively (36, 37) .
The permeability transition has been shown to be a key event in a death-signaling cascade through release of proapoptotic factors (38) (39) (40) . In addition, it is associated with a burst of mitochondrial ROS formation due to "ROS-induced ROS release" (41, 42) , which may be a crucial factor determining the onset of a "point of no return" (43) in the path toward cell death.
Renal cell protection afforded by specialized agents (LiCl, SkQ1, and SkQR1) was more pronounced than that afforded by the traditional water-soluble antioxidant Trolox, demonstrating the critical role of mitochondrial ROS in the onset and propagation of renal pathology. Importantly, these protective agents did not have any effect on the level of TNFα production by leukocytes exposed to bacterial lysate, suggesting that their beneficial effects are due to tissue protection rather than suppression of inflammation. Antioxidants could have an influence on both cocultivated cellular partners: on the one hand, protecting the renal cell from oxidative stress (Fig. S1B) , while, on the other hand, blocking activation of leukocytes (Fig. S2) . Thus, targeting mitochondrial ROS may be beneficial under conditions of an ongoing infection where traditional anti-inflammatory drugs may interfere with microbial clearance.
The essential role of mitochondria-mediated oxidative stress in renal cell injury was confirmed in the in vivo model of experimental APN. MDA, which is an indicator of lipid peroxidation (44, 45) , was elevated in the kidneys of rats with experimental APN, indicating oxidative renal damage. In addition, higher levels of ROS generation were observed in blood leukocytes of pyelonephritic rats. The mitochondria-targeted antioxidant SkQR1 remarkably normalized the ROS level in blood leukocytes and in kidneys of pyelonephritic animals and suppressed neutrophil infiltration in the diseased kidney as well as the level of TNFα in the tissue, indicating the high potency of mitochondria-targeted antioxidants in preventing inflammation injury in the kidney. Similarly, Sadeghi et al. (17) have shown that vitamin E injection provides significant renal protection in pyelonephritic animals.
Moreover, when the titer of bacteria injected into the bladder was high, we observed a high level of animal deaths (Fig. 5) , apparently associated with septic progression. Sepsis to a large extent is recognized as a ROS-related pathology and was suggested to be a mitochondrial ROS-induced programmed death of organism ("phenoptosis") preventing epidemics (46) . Our observation that mitochondria-targeted antioxidants significantly increase survival of animals with severe APN supports this concept.
It is also recognized that the renal damage following APN is mainly caused by the inflammation associated with the infection, rather than by the direct effect of bacteria on the kidney (47) (48) (49) . Bacterial invasion of the host kidney triggers the innate immune system. After recognition of bacteria, toll-like receptor signaling (50) initiates an immune response involving NF-κB and the production of cytokines and chemokines (51) (52) (53) . We found that, in the leukocyte culture medium from pyelonephritic rats, the level of TNFα rises with time and that this medium itself causes oxidative stress in renal cells. The onset of APN was associated with activation of proinflammatory signaling pathways in peripheral leukocytes. This process apparently is redox-dependent because activation of NF-κB was lower in SkQR1-treated rats.
Correlation between the diminished content of the antiapoptotic (prosurvival) protein Bcl-2 in mitochondria and oxidative stress may support the hypothesis that Bcl-2 is a substrate for proapoptotic caspases (54, 55) . The suppression of Bcl-2 may induce lower tolerance of the mitochondrial permeability transition to ROS, resulting in a higher rate of cell death. The protective (prosurvival) effect of antioxidants may be explained by two synergistic mechanisms: on the one hand, they might prevent the loss of Bcl-2 in pyelonephritic kidneys, while, secondly, they increase the pool of phosphorylated (inhibited) GSK-3β, which itself promotes survival by increasing the ROS threshold for the mitochondrial permeability transition, thereby increasing the tolerance of the cells to oxidative stress (56) .
We present a tentative model of the pathological events occurring around and within the pyelonephritic renal cell (Fig. 6 ) TNFα in the medium, pg/mL 0 (n = 6) 20.9 ± 0.8 (n = 6) 16.6 ± 2.9 (n = 12) 5.3 ± 2.2 (n = 6) DCF intensity in RTC, arbitrary units 1.4 ± 0.1 (n = 6) N/A 7.4 ± 0.4 (n = 12) 5.1 ± 0.3 (n = 6) Fig. 5 . Severe pyelonephritis resulted in high animal mortality, which was prevented by SkQR1 treatment. Twelve animals were used in each group.
that explains the incidence of inflammatory cell damage and death. A key element in this model is the essential role of mitochondrial ROS in all steps of the pathological progression. We emphasize that, in a majority of pathological steps, prodeath and prosurvival signaling is related to mitochondrial function. Mitochondria-targeted antioxidants appear to be effective antipyelonephritic drugs with high potency to prevent renal dysfunction in the cases where direct antibacterial measures are restricted (in children, pregnant women, individuals with primary immunodeficiency, etc.) or inefficient (in cases of antibioticresistant bacterial strains). Host defense from infection can be achieved through resistance and tolerance mechanisms (57) . Our data demonstrate that mitochondrial ROS are an important contributor to inflammation-induced tissue damage and that targeting mitochondrial ROS can improve survival of the host during otherwise lethal bacterial infections.
Materials and Methods
Reagents. DMEM and F12 culture media, FCS, and PBS were obtained from Gibco, and cell culture plasticware from Greiner. The other reagents were obtained from Sigma-Aldrich. Mitochondria-targeted antioxidants SkQ1 (10-(6′-plastoquinonyl)decyltriphenyl-phosphonium) and SkQR1 (10-(6′-plastoquinonyl) decylrhodamine 19) were synthesized (58) in the Institute of Mitoengineering (Moscow State University).
Primary Rat Kidney Cell Culture. Kidneys from 1-to 3-d-old rats were excised under aseptic conditions. The tissue was blended and dissociated by collagenase treatment (0.5%, 30 min at 37°C). The final suspension was centrifuged for 5 min at 50 × g. The pellet was resuspended in ∼10 mL of DMEM/ F12 supplemented with 10% (vol/vol) FCS and kept for 2 min, after which the supernatant was transferred to another tube and the pellet was repeatedly resuspended. After 10 min, the renal tubules were pelleted, and dissociated cells remaining in the suspension were discarded. The pellet was resuspended in DMEM/F12 with 10% FCS and seeded onto 24-well plates or onto coverslips placed in 35-mm glass-bottom Petri dishes.
Cultivation of Bacteria. E. coli strain no. 85 was cultured overnight in a cultivation medium containing 1% tryptone, 0.5% yeast extract, and 1% NaCl. The medium, containing roughly 10 9 colony-forming units (cfu) per ml, was pelleted at 300 × g for 3 min. Bacterial lysate was prepared by diluting 30 mL of an overnight culture and diluting the precipitate in 3 mL of 0.9% NaCl, followed by autoclaving for 1.5 h at 120°C.
Preparation of Leukocytes from Peripheral Blood. Heparinized blood (5 mL) collected from the jugular vein of adult male rats was carefully layered over 5 mL of Ficoll-Urografin (density of 1.077 g/cm 3 ) and centrifuged for 30 min at 200 × g. This procedure results in erythrocyte pelleting while the mononuclear fraction of leukocytes forms an interphase ring on the Ficoll surface, which was carefully collected. Leukocytes were transferred into another tube and centrifuged for 3 min at 200 × g. The resultant pellet was resuspended in 5 mL of DMEM/F12. After cell counting in a hemocytometer, the cells were diluted to a final concentration of ∼100 000 cells per mL. The same procedure was applied to get leukocytes from green fluorescent protein (GFP)-transgenic mice. For preparation of neutrophils, the proper fraction from a Ficoll gradient was transferred to another tube, mixed with 10 mL of DMEM/F12, and centrifuged for 3 min at 200 × g. The final pellet containing neutrophils was resuspended in 5 mL of DMEM/F12, and the cells were counted and then diluted to a final of ∼100 000 cells per mL.
Inflammation Modeling in Vitro. In a 2-d-old renal cell culture, the medium was substituted with DMEM/F12 (400 μL per well, 1,600 μL per dish), supplemented with (depending on the purpose): GSK-3β inhibitor LiCl (9 mМ), water-soluble antioxidant Trolox (50 μМ, 100 μМ), and mitochondriatargeted antioxidants SkQ1 (10 nМ, 100 nМ) and SkQR1 (1 nМ, 10 nМ, or 100 nМ). Renal cells were incubated for 2 h in this medium, followed by supplementation with leukocytes or neutrophils in DMEM/F12 or DMEM/F12 alone in the control sample (400 μL per well, 1,600 μL per dish). Simultaneously, the bacterial lysate or 100 ng/mL lipopolysaccharide (LPS; SigmaAldrich) solution in DMEM/F12 and DMEM/F12 alone in the control sample (100 μL per well, 400 μL per dish) were added. Renal cells and leukocytes (neutrophils) were cocultivated for 24 or 48 h with bacterial lysate or LPS. Cell death (both necrotic and apoptotic) rate was evaluated using Annexin-V FITC Kit (Invitrogen).
An in Vivo Rat Model of APN. We used an in vivo experimental model of APN where bacteria are introduced in the bladder of rat (59) . Experiments were performed on outbred white female rats (180-200 g) fed ad libitum. Animal protocols were approved by the Institutional Review Boards at A. N. Belozersky Institute, Moscow State University. Rats were anesthetized with chloral hydrate [300 mg/kg, intraperitoneally (i.p.)]. The animals were infected intraurethrally using a soft Intramedic non-radio-opaque polyethylene catheter (Clay Adams). The inoculum (5 mL per kg, 1 × 10 8 cfu/mL of rat fecal bacterial composition) was injected slowly to avoid any leakage into the bladder. Control animals were untreated. The therapeutic protocol of SkQR1 used to treat this pathology was as follows: i.p. injection of 100 nmol/ kg SkQR1 1 h after injection of bacteria with subsequent injections of the same amount of SkQR1 at 12, 24, 36, and 48 h; in total, each animal received 500 nmol/kg SkQR1. On the second day after the injection, blood samples were taken, and kidneys were excised for the mitochondria isolation, determination of MDA in the tissue, Western blotting, and histopathological examination. Kidney mitochondria were isolated by homogenization and differential centrifugation in a medium containing 250 mM sucrose, 20 mM Hepes-KOH, 1 mM EGTA, and 0.1% BSA, pH 7.4. Total mitochondrial protein was determined using a bicinchoninic acid protein assay kit (Sigma-Aldrich). The mitochondria from cultured kidney cells were isolated by the same protocol.
ROS, NO, MDA, and TNFα Determination. The ROS-sensitive fluorescent probe 2,7-DCF-DA (Molecular Probes) dissolved in DMEM/F12 without bicarbonate (final concentration 10 μМ) was added to renal cells (500 μL per well of 24-well plate, 2 mL per dish) and incubated for 15 min at 37°C, followed by a wash with DMEM/F12 without bicarbonate. MDA was determined as in ref. 60 . Fluorescent probe, DAF-2FM (Calbiochem) was used for NO determination in living cells. The procedure was the same as for 2,7-DCF-DA. The nitrite/nitrate concentration (as products of NO oxidation) in culture media was determined using the Nitrite/Nitrate Assay Kit (Sigma-Aldrich). TNFα was determined using the kit Rat TNFα ELISA Ready-SET-Go (Ebioscience). Confocal and Scanning Electron Microscopy. Renal cells were imaged with an LSM510 inverted confocal microscope (Carl Zeiss Inc.) with excitation at 488 nm and emission collected at 500-530 nm with a pinhole diameter of 150 μm. Images were processed using ImageJ software (National Institutes of Health). For scanning electron microscopy, cells and bacteria were fixed in 2.5% glutaraldehyde in Ca 2+ and Mg 2+ -free Hanks' buffer supplemented with 5 mM EDTA, 5 mM phenylmethylsulfonyl fluoride, and 10 mM Hepes at pH 7.3. Cells were postfixed with 1% osmium tetroxide in 0.1 M sodium cacodylate with 0.1 M sucrose at pH 7.3 (without replacing a buffer containing glutaraldehyde), dehydrated in acetone series, critical-point-dried with liquid CO 2 as a transitional fluid in a Balzers apparatus, sputter-coated with gold-palladium, and observed at 15 kV with a Camscan S-2 or JSM-6380 scanning electron microscope.
Renal Histology and Grading of Inflammatory Tissue Damage. The kidney was isolated immediately after killing the animal and perfused with ice-cold PBS. It was then fixed in a 10% neutral buffered formalin solution, embedded in paraffin, and used for histopathological examination. Five-micrometer-thick sections were cut, deparaffinized, hydrated, and stained with hematoxylin/ eosin. The renal sections were examined in a blinded fashion for inflammation and infiltration by leukocytes in the kidneys of all treated animals. A minimum of 10 fields for each kidney slide were examined and scored for pathologic severity.
The manifestation of inflammatory indicators (i.e., a number of infiltrated leukocytes in every layer and the presence of abscesses) under APN was evaluated using the following scale: 0, 0-4 leukocytes in the view field; 1, 5-50; 2, 51-100; 3, >100 in a view field; 4, abscesses with pus-necrotic content. The distribution of inflammatory changes (i.e., comparative analysis of infiltration and abscesses) was evaluated by the following criteria: 0, none in any layer; 1, infiltration in the medullar layer; 2, infiltration reaching the cortex.
Myeloperoxidase Activity Assay. Kidney homogenates for MPO determination were centrifuged at 20,000 × g for 15 min, and the pellets were resuspended in 50 mM K-phosphate buffer containing 0.5% cetyltrimethylammonium bromide (CTAB). Resulting samples were frozen and thawed three times and then centrifuged at 10,600 × g for 10 min. Supernatants were analyzed for MPO activity in chromogenic reaction with o-phenylenediamine (OPD). A one hundred-microliter sample was mixed with a 100-μL substrate buffer (25 mM Na-citrate, 50 mM Na-phosphate, 0.45 mg/mL OPD, 0.1% H 2 O 2 , pH 5.0) and was incubated for 15 min at room temperature, and then OD was detected at 492 nm.
Immunocytochemistry. Cells and kidney slices were washed in PBS, fixed for 30 min in 4% formaldehyde with PBS at 4°C, and permeabilized in PBS containing 0.02% Triton X-100 for 60 min at 4°C (0.5 mL per well, 5 mL per slice), followed by blocking in PBS with 0.5% BSA (PBS-BSA) for 60 min at room temperature (0.5 mL per well, 2 mL per slice). After three 15-min rinses in PBS-BSA, cells were incubated for 1 h with secondary antibodies diluted 1:200 (FITC-conjugated anti-rabbit IgG; Jackson ImmunoResearch Laboratories). The kidney slices and coverslips with attached cells were washed, placed on microscope slides with a mounting medium, and sealed beneath coverslips. Confocal microscopy images were processed using ImageJ software (NIH).
Western Blot Analysis. Samples of kidney homogenates were loaded onto 15% Tris-glycine polyacrylamide gels (10-20 μg of total protein per lane). After electrophoresis, gels were blotted onto PVDF membranes (Amersham Pharmacia Biotech). Membranes were blocked with 5% (wt/vol) nonfat milk in PBS with 0.1% (vol/vol) Tween 20 and subsequently incubated with appropriate primary antibodies. Membranes were then treated with corresponding anti-mouse or anti-rabbit secondary antibodies. Specific bands were visualized using ECL Plus Western blotting kit (Amersham Pharmacia Biotech). After scanning, the density of the resulting staining in the membrane was measured for each band using ImageJ software (NIH).
Statistics. All experiments were performed at least in triplicate. All data are presented as mean ± SEM. Comparisons between groups were made using a Student t test with a P value less than 0.05 taken to indicate statistical significance.
